Abstract The development and functional significance of exercise-induced peripheral adaptations were evaluated in aged animals with peripheral arterial insufficiency. Fisher 344 male rats (21 months old) were subjected to bilateral stenosis of the femoral arteries sufficient to limit active hyperemia but not to impair resting blood flow. Beginning the third day after stenosis, animals were (1) exercised by walking (n=12) on a treadmill at 20 m/min at 15% inclination, twice a day, 5 days per week, or (2) limited to cage activity (n=10). Exercise tolerance improved from z5 to 5'35 minutes (P<.001) over the 8 weeks of the training program but increased only marginally to =8 minutes for the sedentary group. An isolated hind limb preparation perfused at equivalent blood flows (~:1 ml* min-l g`with an arterial blood oxygen content of~"-20 vol%) was used to assess the functional and metabolic impact of muscle-specific adaptations during sequential contraction periods at 4, 8, 15, 30, 45, 60, 75, and 90 tetani per minute. An initially similar force development of =10 N/g was better maintained (P<.001) by the trained group. The peak oxygen E a xercise-induced peripheral adaptations develop in healthy young individuals1 and probably contribute to their improved performance2 and metabolic response3 during exercise. These musclespecific adaptations involve a greater mitochondrial capacity for aerobic ATP provision4 and an enriched capillary network that should enhance blood-tissue exchange properties.5 Extensive evidence indicates that the exercise-induced peripheral adaptation of an increased mitochondrial content develops in healthy elderly individuals6-8 and animals.9"10 In contrast to evidence with younger individuals, there is little known about peripheral vascular and microvascular adaptations to training in the elderly. An increase in muscle capillarity has been observed with exercise training in the slow-twitch soleus muscle of healthy aged rats" but not in the diaphragm12 or, more importantly, in fasttwitch muscle," which constitutes most of the rat's musculature. Thus, the general applicability of the capillarity change in the soleus muscle has not been established. Unlike their findings in young adults, Denis et al13 found no evidence for angiogenesis in older humans after training, even though the cycle exercise program was sufficient to produce an increase in maximal oxygen consumption. They concluded that training
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Hind Limb Preparation
After 8 weeks of exercise training, sedentary and trained rats were randomly selected, anesthetized with sodium pentobarbital (60 mg/kg), and prepared for hind limb perfusion, as previously described in detail. 23 The Achilles tendon of the left gastrocnemius-plantaris-soleus muscle group was prepared for connection to a lever system (series 300 B, Cambridge Technology, Inc, Watertown, Mass) for measurement of isometric force development. The sciatic nerve was isolated, tied, and cut for placement across a platinum bipolar electrode for stimulation. The femoral artery was carefully dissected, distal to the site of stenosis, to permit insertion of the arterial catheter and perfusion of the limb without the marked pressure drop across the stenosis site.
Perfusion Procedure
When surgery was complete, the animal was transferred to a temperature-controlled (37°C) perfusion apparatus that has been previously described. 23 After an arterial injection of heparin (2000 U), the left femoral artery was cannulated with a 20-gauge Teflon catheter (IV catheter, Becton Dickinson, Rutherford, NJ). Flow was initiated within 20 seconds, the animal was killed with 0.5 mL sodium pentobarbital injected into the carotid artery, and the venous catheter (18-gauge Teflon IV catheter, Becton Dickinson) was inserted into the femoral vein, via the common iliac vein, to establish a closed vascular circuit. After an initial washout period, flow of the =250-mL perfusion medium was recirculated. Flow rate was measured by timed collections of the venous effluent. A pressure transducer was located at the height of the hind limb for determination of perfusion pressure at the head of the inflow catheter. Perfusion pressure in the femoral artery was obtained by subtracting the pressure drop across the inflow catheter that was determined previously for the corresponding flow and hematocrit.
Perfusion Medium
The perfusion medium consisted of Krebs-Henseleit bicarbonate buffer23 containing washed bovine erythrocytes, 4 g/100 mL bovine serum albumin, 100 ,uU/mL bovine insulin, amino acids typical for rat blood, and 5 mmol/L glucose (maintained constant with periodic additions of glucose), with a 39% to 41% hematocrit (see Table 1 ).
Muscle Stimulation
Tetanic contractions of only the distal hind limb muscles23 were elicited by supramaximal square-wave pulses (0.1-millisecond duration, -8 V) delivered in 100-millisecond trains at 100 Hz (model S48 stimulator, Grass Instruments, Quincy, Mass), using successive contraction frequencies of 4, 8, 15, 30, 45, 60, 75 , and 90 tetani per minute (TPM), at 10-minute stimulation for each train frequency. This train-stimulation protocol produced maximal isometric tetanic tension over a broad range of energy demands. Steady-state measurements of tension development and oxygen consumption were generally evident between the 5th and 10th minute of each train frequency, as found previously.24 Tension output of the gastrocnemius-plantaris-soleus muscle group was continuously recorded using a Gould five-channel polygraph (Gould Inc, Cleveland, Ohio). Average tension for each contraction frequency was calculated from the tension measured at the 5th and 10th minute of contractions.
Oxygen Consumption
Oxygen consumption was calculated as a product of the flow rate and the arteriovenous oxygen content difference. The oxygen content was determined by a LEXO2CON (Lexington Instruments, Waltham, Mass). The resting oxygen consumption was determined from the mean of three observations over a 30-minute rest period. During contractions, oxygen consumption was determined from duplicates obtained at the 5th and 10th minute of each contraction frequency. Peak oxygen consumption was determined as the highest oxygen consumption value during the entire contraction sequence.
Oxygen Cost of Tetanic Contractions
The energy cost of brief isometric contractions is directly proportional to the tension developed by the muscle.24 Therefore, the oxygen cost per contraction at initial force development was obtained from the slope (micromoles per gram per contraction at initial tension) of the relation between oxygen consumption, corrected for loss in tension development with fatigue, and contraction frequency. The oxygen cost per contraction can be taken as the entire energy cost per contraction, since we have demonstrated previously that the fraction of energy derived from glycolysis is small (<6%) during this contraction protocol. 24 Blood Flow Distribution
The distribution of blood flow in the hind limb was determined with radiolabeled 85Sr microspheres after the 10 minutes of stimulation at 90 TPM, as described previously.23 The fraction of radioactivity found in a tissue, relative to the total activity infused, is determined by its relative blood flow. 
Biochemical and Histochemical Analyses
Muscle sections from the contralateral superficial white (predominately type lIb) and deep red (predominately type IIa) quadriceps, superficial white medial (predominantly type Ilb), and deep lateral red gastrocnemius (predominantly type Ila) and soleus (predominantly type I) muscles were dissected immediately after the animal was killed. All muscle samples were frozen and stored at -80C until analyzed for citrate synthase activity, as described by Srere.25 The entire contralateral plantaris muscle (mixed fiber type) was affixed to a piece of index card at approximately resting length and frozen in isopentane cooled in liquid nitrogen. Capillarity was determined from frozen sections obtained at the midpoint of the plantaris first by reaction for alkaline phosphatase according to Seligman et al,26 then by the periodic acid Schiff reaction for glycogen and glycoprotein after removal of glycogen with diastase, and subsequently by metanil yellow counterstain. This sequence of reactions and stains renders the capillaries blue-black, the fibers yellow, and the external lamina just outside the sarcolemma magenta. Muscle sections from control and trained animals were paired on the same slide. Myocyte and capillary number, fiber area, and number of capillaries surrounding fibers (capillary-to-fiber contacts) were determined from 20 nonoverlapping fields (0.06 mm2 each) from x400 projections of each muscle. The capillaries around fibers were tabulated for at least 100 fibers for each section.
Fiber type (type I, type Ila, and type 1Ib) distributions were determined from myofibrillar ATP-stained midbelly sections of the plantaris muscle. Sections were stained with toluidine blue after preincubation at pH 4.5 for 5 to 7 minutes at room temperature and subsequently incubated with ATP at pH 9.4 for 30 minutes at room temperature. 27 Muscle fiber oxidative enzyme distribution was determined with NADH tetrazolium reductase. Fiber number and area were obtained by point counting 40- (100-point grid) each of 10 fields (each 0.06 mm2) selected to represent the entire cross section of the plantaris muscle. Approximately 250 fibers per section were tabulated for each muscle. Fields were projected from a Microstar IV Reichert microscope onto a video monitor (MicroImage System model II) at x400 magnification.
Materials
Radioactive 85Sr-labeled microspheres (14.2±0.92 gm) with a specific activity of 9.6 mCi/g were obtained from 3M, St Paul, Minn, in a suspension of 10% dextran containing 0.05% Tween 80 surfactant. Bovine serum albumin (fraction V) and the reagents used for biochemical analysis were obtained from Sigma Chemical Co, St Louis, Mo. Fresh bovine erythrocytes were prepared by extensive washing (>20 vol) of acid-citratedextrose titrated blood collected at a local meat packer.
Statistical Analysis
The results are presented as mean±SEM. Repeated-measures ANOVAs of mixed design were used, with significant differences for individual mean comparisons calculated by using Tukey's procedure at P<.05. 28 
Results

Training Response
Exercise tolerance improved markedly with daily treadmill walking. After the first week of exercise, walking duration increased from :=6 to 35 to 40 minutes per session over the 2-month training program (Fig 1) . Actual daily exercise time increased to %=75 minutes a day, since there were two exercise sessions. Exercise tolerance of the sedentary rats limited to cage activity increased marginally and remained at -10 minutes per session 6 and 8 weeks after femoral stenosis. Typical of endurance-type exercise programs, the trained male rats weighed less and exhibited a slightly smaller muscle mass, as compared with the sedentary animals (see Table 1 ). Muscle-specific adaptations also resulted from the treadmill walking program. The activity of citrate synthase, a mitochondrial marker enzyme, increased =100% in the trained superficial white quadriceps, --50% in the deep red quadriceps, --100% in the superficial white gastrocnemius, and e=25% in the deep red gastrocnemius, when compared with the sedentary rats (see Table 2 ). Perfusion Conditions and Oxygen Delivery
Muscle blood flows were high (=1 mL* min-* g-1) and similar between the sedentary and trained animals ( (Table 1) . Finally, blood flow distributions among specific fast-twitch white, fast-twitch red, and slow-twitch red fiber sections of the contracting musculature were not different between groups (data not shown). Thus, the essential criterion of the same oxygen delivery was met in order to evaluate the influence of training-induced muscle adaptations on muscle performance and oxygen exchange.
Muscle Performance
Initial force development of :10 N/g was similar between groups (Table 1) . However, the ability to maintain this force development was markedly better in the trained group (Fig 2) . The trained animals demonstrated greater force development at the higher contraction demands of 30, 45, 60, 75, and 90 TPM (P<.001).
Oxygen Consumption
Resting oxygen consumption was not different between the trained (0.31±0.02 ,umol * min-m1 g-1) and sedentary (0.36±0.03 ,umol min-m1 g-') animals and was similar to values obtained previously for young adult rats.20'24 Oxygen consumption of the contracting muscle in the sedentary group increased as the frequency of contractions increased, to a peak of 4.34±0.29
,umol min-g`' at 60 TPM (Fig 3) . Muscle oxygen consumption of the trained group increased, similar to that of the sedentary group over the lower frequencies, but then proceeded further to a higher peak oxygen consumption of 5.68±0.34 ,mol * min-* g`1 (P<.01) at 90 TPM. The peak oxygen consumption, identified from the highest value obtained irrespective of contraction fre- Since oxygen delivery to the contracting muscle was similar in both groups, the higher peak oxygen consumption of the trained groups could only have occurred by a greater oxygen extraction (Fig 4) . Although the oxygen extraction of the trained animals proceeded to a greater value (63.6±4.7%, P<.05) than that of the sedentary animals at 90 TPM, it was not significantly different (P<.10) from the oxygen extraction of the sedentary animals (50.4±6.5%) observed at their peak oxygen consumption at 60 TPM, owing to the greater variability inherent in this parameter.
Oxygen Cost of Tetanic Contractions
The excellent linear curve fit, illustrated in Fig 5, indicates that the energy cost per newton of force development was essentially constant for each group, over the wide range of contraction frequencies used, whereas fatigue was very different (Fig 2) (Table 3 ). The percent of type lIb fibers (and fiber area) decreased (P<.001), whereas the percentage of type lla fibers (and fiber area) increased (P<.001) with training. Similar to the biochemical evidence of citrate synthase activity (Table 2) , the darkened NADH stain in the trained plantaris muscle suggests that the oxidative enzymes in mitochondria were increased by training (Fig 6) .
It is apparent from histochemical sections illustrated in Fig 6A and 6D that (Table 3 ). The change in the distribution of capillary contacts per fiber in the mixed-fiber plantaris muscle is indicated in Fig 7. An increase in capillarity is apparent among the poorly vascularized and the highly vascularized fibers within the plantaris muscle.
Discussion
The novel and significant findings of the present study demonstrate that peripheral adaptations, induced by physical activity in aged animals with peripheral arterial insufficiency, serve to improve vascular-tissue exchange properties and lead to functional increases in muscle performance. Thus, an improvement in muscle function is imparted without obligating an increase in blood flow. These findings are particularly relevant, since they were observed in a population of aged animals similar to the elderly population of patients that are most affected by peripheral vascular disease. The animal model of intermittent claudication used in the present study involved an abrupt surgical imposition of femoral stenosis sufficient to impair exercise hyperemia but not limit resting blood flow. Although this may not be characteristic of all patients that present with intermittent claudication, it did provide a reproducible and constant proximal obstruction of a large supply vessel with which to assess subsequent adaptations.'1619-21 To appropriately evaluate the functional significance of peripheral adaptations within muscle, it is essential to have equivalent blood flows, and therefore oxygen deliveries, to the contracting muscles. Even though equivalent oxygen deliveries ( 1O ,umol min -g-1) were achieved between groups, muscle performance was markedly improved in the physically active animals, especially when the energy demands were high (Fig 2) . Thus, specific changes must have occurred within the muscle to modify the balance between energy supply and energy demand. This cannot be attributed to sufficient changes in anaerobic metabolism, since we have previously shown that the contribution of ATP from glycolysis is small (<6%) during the sequential contraction protocol where oxygen consumption is high. 24 Rather, the primary reason is an increase in aerobic energy supply. The peak oxygen consumption of the trained muscle was increased -30% (P<.01) above that of the sedentary animals, which were limited to cage activity. Since oxygen deliveries were similar, there was a greater oxygen extraction across the contracting muscle. This indicates that factors important in vasculartissue oxygen exchange have been modified by training.
Morphometric and biochemical analyses of muscles obtained from the sedentary and trained animals provide some insight. Muscle capillary density was markedly greater in the trained group, as evident by an :25% increase (P<.001) in capillaries per square millimeter (Table 3 ). This increase in capillary density was due, in part, to a marginal reduction in muscle fiber size of =10% and, in part, to an expansion of the existing capillary network. The apparent reduction in muscle fiber size (.20>P>.10) is not typically a feature of aerobic-type exercise training but has been reported in the diaphragm of healthy aged animals12 involved in a treadmill running program similar to that used in this study. Smaller individual fibers would increase the number of capillaries per cross-sectional area and result in a smaller average distance between the capillary and center of the fiber. More importantly, an expansion of the existing capillary network due to angiogenesis is evident by the increase in capillary to fiber ratio (P<.001) and capillary contacts per fiber (P<.001). This increase in capillary network surrounding each fiber should be most effective in enhancing capillary-tissue nutrient exchange. Further, the greater capillary volume should lengthen red blood cell transit time and, for a given blood flow, increase the time for oxygen exchange, since capillary recruitment is essentially complete during contractions.29 Both factors could have contributed to the greater oxygen extraction by the trained muscle. In addition, the greater mitochondrial density within the fibers of the trained muscle, characterized by the higher activity of the marker enzyme citrate synthase,4 could have reduced the diffusion path length for oxygen. Thus, the muscle of aged animals is capable of developing exercise-induced adaptations, similar to those found in young adults,'9-2' which serve to more effectively support the energy needs of active muscle.
Our novel finding of an exercise-induced angiogenesis within fast-twitch muscle has not been observed in normal healthy aged animals'l or elderly humans."3 The lack of vascular changes reported previously"1"'3 could have been due to an inadequate adaptive stimulus associated with the exercise programs. On the other hand, the imposition of exercise in the presence of arterial insufficiency may have been the critical factor prompting angiogenesis. Fujita et al30 found that an exercise challenge in the presence of coronary artery insufficiency was a necessary combination to induce coronary vascular expansion. The increase in peak oxygen consumption in the trained animals of :30% is actually smaller than would be expected from the improvement in muscle performance. At the time of peak oxygen consumption, the accumulative muscle tension development each minute for the trained group (395±21 N min-1 g-') was far greater (=80%) than that for the sedentary group (219±13 N * min-1* g-1).
This implies that some other change has occurred. The other factor that contributed to the improved performance was an :35% reduction in the energy cost per contraction (Fig 5) . This improved economy of contraction has not been a common finding of exercise traininge21 but can be found when appropriate shifts in fiber-type composition are induced within muscle. 31 Although a shift in fiber-type distribution, to decrease type IIb and increase type lla myosin isoform composition, was observed in the trained muscle ( ., . (Table 2) , whereas flow deficits are greatest during exercise in the muscles of the lower limb with impaired femoral artery blood flow. 16 Thus, additional studies are needed to evaluate the relative importance of ischemia and energy demand in causing the remodeling of muscle to increase its mitochondrial content. The increase in exercise tolerance found with training has been reported previously for healthy aged animals,9'10 for young adult animals with peripheral arterial insufficiency,19-2' and for patients with peripheral vascular disease.39. 40 The finding that most patients with peripheral vascular disease improve their exercise tolerance without any change in limb blood flow has led to the recognition that peripheral adaptations are important.1718,2021 The results of the present study demonstrate that improved vascular-tissue oxygen exchange properties, attributed to the microvascular and biochemical adaptations within the muscle, enhance muscle performance. The adaptations are especially robust in aged animals even though the exercise program involved extended walking at a well-tolerated pace without increasing treadmill speed. Similar adaptations in patients could improve exercise tolerance and account for the enhanced oxygen extraction observed across the active limbs of physically active patients with claudication.17'8 A further benefit would be derived if training also induced an increase in collateral blood flow14-'6 and/or led to a more effective distribution of the limited flow within the limb to better supply the active fibers. [17] [18] [19] [20] The increased mitochondrial content within the trained myocyte should impart another advantage in exercise tolerance on the basis of its expected influence in the control of energy metabolism. During a moderately elevated rate of energy expenditure, the higher the mitochondrial enzyme capacity within the fiber, the less displaced are important cytosolic metabolic control signals from rest.37,41 This should improve the ability of the muscle fiber to meet and sustain the aerobic energy needs of the contractile effort. As a result, the muscle should be better able to sustain an exercise task that is within the flow capacity of the muscle. It 
